Abstract--The reaction between the herbicide "Roundup," (PAH)3G, which is the commercial name of the iso-propylammonium salt of glyphosate (HsG, N-phosphonomethyl glycine), and montmorillonite was studied. The adsorption of the anionic component of Roundup glyphosate anion, G -s, from an ethanol solution is achieved by repeated immersion of the clay film in the alcohol solution followed by drying for 6-12 hr after each immersion. During the adsorption process the surface acidity of the interlayer space must be sufficiently high to protonate the anion. A zwinerion glyphosate is thereby formed in the interlayer space. Association forms are obtained in the interlayer space in which the COOH and the POsI-I groups are linked to the exchangeable cations through water bridges. Adsorption of the glyphosate anion from aqueous solution of Roundup occurs when this anion forms a neutrally or positively charged complex with the exchangeable cation. This may occur with AI-and Fe-montmorillonite, when the molar ratio glyphosate:metal is such that a complex with a 1: I ratio can be formed in the interlayer space. To clarify the reaction mechanism, adsorption of glycine by montmoriUonite from ethanol solution was also studied. The associations obtained between glyphosate and exchangeable cations are less variable than those obtained between glycine and exchangeable cations in the interlayer space of montmorillonite. The following species of adsorbed glycine were identified: glycinium cation, zwinerion glycine, glycine complexed with metal cations either as a monodentate or as a bidentate ligand. In the latter case a chelate is formed.
INTRODUCTION
The herbicide glyphosate, N-(phosphonomethyl) glycine (H3G), is extensively used in agriculture. However, it shows only little herbicidal activity when applied to the soil. According to Hance (1976) the low activity of glyphosate in the soil is the consequence of the combination of two factors, the moderate adsorption of this herbicide by the soil constituents, and the low intrinsic toxicity when applied to the root. Several investigators (see Hance, 1976 for a list of references) suggest that glyphosate is bound to the soil constituents through the phosphonic acid radical by a mechanism similar to that of inorganic phosphate, and that organic matter and broken bonds of clay minerals, amorphous alumina, and ferric oxides are suitable sites for this adsorption.
Israeli soils are rich in montmorillonite and the present investigation was undertaken to determine whether montmorillonite can also supply sites for glycophosate adsorption and to study the adsorption mechanism. Quantitative estimations of adsorption of glyphosate from aqueous solution by various homoionic montmorillonites were carried out by Sprankle et al. (1975) . The maximum adsorption was less than one meq/100 g clay. Na-montmorillonite adsorbed no glyphosate. Adsorption onto the various homoionic montmorillonites increased as follows: Ca < Mn < Zn < Mg < Fe < A1. Because of the strong adsorption of glyphoi On sabbatical leave at Laboratorio Fisico-Quimica de Materiales, Instituto Venezolano de Investigaciones Cientificas, Caracas.
sate by A1-and Fe-montmorillonites, Sprankle et al. speculated that the phosphono radical is involved in the adsorption process.
Glyphosate is an insoluble chemical and is therefore used in agriculture in the form of its iso-propylammonium salt (known as "Roundup"), (PAH)3G. In the present investigation we studied the interactions which take place between montmorillonite and Roundup from alcohol and from aqueous solutions. The present paper, the first in this series, deals with the interaction between montmorillonite and the anionic component of the Roundup, namely the glyphosate anion (G-3), whereas the second paper deals with the interaction between montmorillonite and the cationic component of Roundup, namely the iso-propylammonium cation (PAH+).
Depending on the acidity of the environment, glyphosate can form either of the species shown in Scheme I together with their dissociation constants (taken from Sprankle et al., 1975) . The abbreviations used in the present papers are also given in the scheme.
Infrared spectroscopy was used as the experimental means in the present study. In a separate study we assigned the characteristic absorption bands of glyphosate and some of its derivatives (Shoval and Yariv, in preparation) . The PO3H-group in glyphosate gives characteristic bands at 1268 and 1231 cm -1 whereas the PO3H2 group in glyphosate-hydrochloride absorbs at 1309, 1285, and 1219 cm -1. The NH2 + group absorbs at 1560 and 1484 in the spectrum of glyphosate and at 1609, 1584, and 1485 cm -1 in the spectrum of glypho- I  I  I  I  I  I  i  I  I  I   4000  3500  3000  2500  2000  1800  1600  1400  1200  1000  800 I,VAVENU~BER (CI~ ~) sate-hydrochloride. These absorption bands are used in the present study for the identification of PO3H-and PO3H2 groups in the treated montmorillonites.
To clarify the adsorption mechanism of glyphosate, we studied the adsorption of glycine from alcohol solution by montmorillonite. It appears that the adsorption studies of glycine by montmoriilonite reported in the literature were carried out mainly from aqueous solutions and not from alcohol solutions. The alcohol solubility of glycine is lower than its aqueous solubility and the adsorption of glycine by montmorillonite from alcohol solution is rapid and occurs to a much higher degree than from neutral aqueous solutions.
Glycine, with PKa values of 2.2 and 9.6 (Albert and Serjeant, 1962), can be adsorbed by clay minerals in the form ofa glycinium cation, a zwitterion (which does not carry a net electric charge), or through the formation of interlayer salt in which the net charge of the glycine is negative (see Theng, 1974 for a list of references). The amount of sorption increases with the acidity of the solution and it was therefore suggested by many of the investigators that the adsorbed species is in the form of a cationic protonated glycinium (glycine-H) and that the adsorption takes place by the cation-exchange mechanism. In the case of Ca-montmorillonite, the glycine is also adsorbed in the form of a zwitterion. Jang and Condrate (1972) showed that two types of coordination compounds are formed between glycine and transition metals in the interlayer space of montmorlllonite. In one type the glycine is bidentate and both the CO0-and the NHz functional groups take part in a fivemembered ring (chelate) formation. In the second type the glycine is a monodentate, only the NH2 group coordinates to the metallic cation, giving rise to an open complex. At pH values near the isoelectric point the monodentate complex is predominant while the bidentate complex predominates at pH values above the isoelectric point of glycine. 
Ca -- sh--shoulder; vw--very weak.
(1) Overlapping of COO-, NHa +, and H20 bands.
(2) Overlapping of NHa + and H~O bands.
Adsorption of glycine
Self-supporting films were immersed in 5% ethanol solution of glycine for 24 hr. The films were air-dried for 6-8 hr before the IR spectra were recorded. and zwitterion varieties are present and can be inferred 1412 from the spectrum; in Co-montmorillonite the chelate predominates whereas in Ni-montmorillonite the zwitterion predominates. The absorption frequencies of glycine sorbed by the various homoionic montmorillonites are summarized in Table 1. present study was from Wyoming (Wyoming bentonite) supplied by Ward's Natural Science Establishment. The preparation of the homoionic montmorillonite has been previously described (Yariv et al., 1968) . Roundup was purified by extracting impurities with CC14.
Adsorption of glyphosate
The adsorption of glyphosate was carried out from 5% (by weight) alcohol solution (methanol or ethanol) or from 5% aqueous solution of Roundup. 1) Air-dried self-supporting films (prepared by drying 4 ml of 1.5% aqueous clay suspension on a section of polyethylene) were immersed in 10 ml of the alcohol solution. After 24 hr the films were air-dried for 6-12 hr before the IR spectra were recorded. The films were reimmersed in the alcohol solution for 48 hr for a second adsorption cycle, dried again for 6-12 hr and then reimmersed in the solution for additional 48 hr for a third adsorption cycle, and so on.
2) Fifty milligrams of homoionic montmorillonite was added to 10 ml of 5% aqueous solution of Roundup. After 24 hr the clay was separated from the solution by centrifugation and a new portion of 50 mg of the same homoionic montmorillonite was added to the supernatant. The clay phase in the Roundup solution was exchanged every day and its IR spectrum was recorded after the clay fraction had been made into a self-supporting film by allowing it to settle out from an aqueous suspension and evaporating to dryness.
Identification and character&ation of glycine zwitterion
A zwitterion in the clay is characterized by the presence of both NH3 + and the COO-functional groups, which give rise to absorption bands at about 1505 and 1412 cm -1, respectively. The glycine zwitterion is linked to the exchangeable metallic cation through a water bridge, forming the following association:
This type of association is similar to that which was previously suggested for the interaction of a zwitterion of histidine and metallic cations in the interlayer space of montmorillonite (Heller-Kallai et al., 1972) . The broad band at 1630 cm -1 results from the overlapping of H20 and NH3 + bending vibration bands and a COOasymmetric stretching vibration band. The interaction of only one oxygen in the CO0-group with water coordinated to a metallic cation is inferred from the shift of the asymmetric strectching band from 1610 cm -1 in the spectrum ofglycine in KBr disk and from still lower values in the spectra of glycinate salts, to higher values of about 1630 cm -1, indicating that the double bond character of one of the CO groups is enhanced.
Identification and characterization of glycinium (glycine-H)
In the presence of highly polarizing exchangeable cations, organic proton acceptors can be protonated by proton transfer from the hydrated cations, thereby organic cations and metal hydroxy-polymers are formed in the interlayer space (Heller-Kallai et al., 1973) . Glycine is protonated and a glycinium cation is formed in the interlayer of Al-montmorillonite, to a smaller extent in Fe-, and still less in H-, Co-, Cu-, Zn-, and Cd-montmoriilonite. Glycinium is identified by the appearance of IR absorption bands characteristic for COOH, CO, and OH, in addition to the NH3 + band.
The frequency of the COOH group depends on the exchangeable ion, indicating that this group is involved in hydrogen bonding. The shifting of the COOH band from 1710 cm -L in the spectrum of glycine-HCI in KBr disk to higher frequencies (e.g., 1748 in the spectrum of Al-montmorillonite), indicates the formation of only weak hydrogen bonds (probably with water) in which this group is involved. The NHa + group forms hydrogen bonds with hydroxyl groups of the alumino-hydroxy polymer in the interlayer space as follows:
The OH group is a stronger proton acceptor than H20, and the NH3 § symmetric bending vibration is therefore shifted from 1505 cm -1 (in sorbed hydrated zwitterion) to 1512 cm -1, indicating strengthening of the hydrogen bonds.
Identification and characterization of chelating glycine
A five-membered ring (chelate) in which both COO -1 and NH2 functional groups take part and coordinate with the metallic cation, is obtained with Cu-montmorillonite. This chelate is determined by the shifting of the CO0-asymmetric stretching band from 1630 cm -1 (in the zwitterion) to 1590 cm -1 and the symmetric stretching from about 1410 cm -1 to 1397 cm-L The NH3 + symmetric bending band at about 1505 cm -1 becomes very weak, and instead, a new band appears at 1575 cm -~ which is attributed to a perturbed NH2 bending vibration.
Identification and characterization of an open complex
The shifting of the CO0-band from about 1630 cm -~ (in the zwitterion) to 1590 cm -1 in Ag-montmorillonite indicates that this group takes part in the formation of a complex. The NH3 § band at 1502 cm -~ is not weakened and it is therefore suggested that an open nonchelated complex is obtained. A shoulder at 1574 cm -~ which may be attributed to NH2, is due to a small fraction of theglycine forming a chelate with Ag. Since the silver ion is monovalent, an Ag-glycinate will give rise to an uncharged chelate. Uncharged complexes are unstable in the interlayer space of montmorillonite (Yariv and Bodenheimer, 1964) , and it is therefore expected that silver will form an open complex the charge of which will remain positive. This open complex differs from that reported by Jang and Condrate (1972) in that the interaction takes place between the CO0-group and the Ag ion, while the amine group remains protonated, whereas Jang and Condrate reported a complex in which the NH2 group was coordinated to the metallic cation.
Adsorption of glyphosate from alcohol solutions of Roundup
The process of adsorption of the Roundup components from the ethanol solution consists in two stages (Figures 2, 3 ). In the first stage PAH § is sorbed by the clay, as can be seen from the appearance ofNHz + bands at about 1510 cm -1 and of C(CH3)2 bands at 1385 and 1400 cm -1. The sorption of PAH § is fast with the monoand trivalent cation montmorillonites and slow with the divalent cation montmorillonites.
In the second stage, after the films had been dried in air and reimmersed in the ethanol solution, they adsorbed glyphosate as can be seen from the appearance of a broad COOH band at 1700-1735 cm -1, a band of CO, OH at 1418 cm -~, and a broad band of CH2 at 1430 cm -1, A considerable amount of glyphosate was adsorbed in the second step immersion (after the first drying) by the di-and trivalent cation montmorillonites but only in the third step immersion (after the second drying), by the monovalent cation clays. With Ca-and Mgmontmorillonites, which initially adsorb only minor amounts of PAH § the adsorption of the latter increases with the adsorption of glyphosate.
The adsorption of glyphosate by the clay requires very special conditions. The reaction proceeds only during cycles in which the film is removed from the solution and after being dried for several hours it is reimmersed in the solution. With ethanol, not all of the series of experiments were successful. In some of the experiments, the Roundup was hydrolyzed in the alcohol solution within 3 days. A white precipitate, which was identified by its infrared spectrum as composed of glyphosate, settled out and the adsorption of glyphosate by the clay ceased. Samples saturated with glyphosate which were left in the alcohol solution of Roundup for 2 weeks, without being dried every 48 hr, lost the glyphosate.
The adsorption ofglyphosate from methanol solution also takes place in two stages. The first stage, namely the adsorption of PAH § is more rapid from methanol than from ethanol solution even with Ca-and Mg-montmorillonite. The second stage, namely the adsorption and protonation of G -3 is slower and occurs to a smaller extent only after a greater number of adsorption and drying cycles. The adsorption of glyphosate by Femontmorillonite was detected after the second cycle, by Al-montmorillonite after the third cycle, and by the di-and monovalent cation montmorillonites after four and five cycles, respectively. The hydrolysis of Roundup is slower in the methanol solution than in the ethanol solution and no precipitate settled out over a period of several weeks. The characteristic absorption bands of the IR spectra of homoionic montmorilionites treated with ethanol solution of Roundup and their assignments are given in Table 2 . The PO3H-group is present in all the specimens and is identified by the appearance of characteristic bands at 1236 and 1260 cm -1. The COOH group is also present in all specimens and is identified by the appearance of a characteristic band at 1700-1734 cm-1. The NH2 § group is shown by the appearance of characteristic bands at 1475 and 1545 cm -1. The presence of both PO3H-and NH~ § groups shows that the glyphosate forms a zwitterion in the interlayer space in which the phosphono group donates a proton to the nitrogen. No PO3H2 bands, characteristic for glyphosate-H, (HAG+), or CO0-bands, characteristic for the anion G -3, were observed in the spectra.
The broadening of the COOH stretching band of the glyphosate and of the NHz + symmetric bending band of the PAH § and the shifting of the latter from 1503 cm -1 (the appropriate band in the spectrum of iso-propylammonium chloride in KBr disk) to these frequencies which are given in the table, indicate that both groups are involved in hydrogen bonds. An interaction between these two groups, probably through a water bridge, may give rise to associations of the following type:
Similar associations in which the COOH group is linked to the exchangeable metal cation through water bridges are also possible. The PO3H-band is shifted from 1268 cm -~ (glyphosate in KBr disk) to 1260 cm -a in most montmoriUonites. In Ca-and Mg-montmorillonite, which adsorb only small amounts of PAH +, this band appears at 1266 cm -1. The shifting of the band indicates that the PO3H-group participates in hydrogen bonds. An interaction between this group and PAH § probably through a water bridge, may give rise to the following association: The NH~ + band is very broad and its maximum shifts from 1584 cm -1 (H4G)C1 in KBr disk) to lower frequencies which are given in Table 2 , indicating that the NH2 + group participates in hydrogen bonds. Similar to the NH3 + group of PAH +, this group may interact with either POsH-or COOH group. The occurrence of such an interaction in solid particles of glyphosate was inferred from the infrared spectrum (Shoval and Yariv, in preparation) , where the appropriate frequency shifted to 1560 cm -1. In the case of glyphosate sorbed on montmorillonite the perturbation is stronger. An interaction between two neighbor glyphosate molecules, probably through a water bridge, may form 
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Adsorption of glyphosate anion from aqueous solutions of Roundup
When montmorillonite is treated with aqueous solutions of Roundup, PAH + is adsorbed by the mechanism of cation exchange. To check whether there may be a stage in which the anion can be sorbed from an Table 2 . aqueous solution, every 24 hr the appropriate homoionic clay was exchanged in a 5% solution of Roundup. The exchange of the clay after it had adsorbed the PAH § from the solution and released the appropriate metal cation causes a gradual decrease of the ammonium ion concentration and a parallel increase of the metal cation concentration in the solution. The intensity of the ammonium adsorption band in the spectrum of the separated montmorillonite fades gradually with increasing number of cycles in which the clay is exchanged.
If a metal cation forms a complex with glyphosate with a high molar glyphosate/metal ratio the charge of the complex will be negative, but if the cation has a valence greater than 2 and if the molar ratio glyphosate/ metal in solution is less than 1, the complex can become noncharged or positively charged. At a certain stage during the clay exchange experiments, when the amount ofPAH + in solution became very small, the IR spectrum of the separated clay fraction indicated the presence of a complex of the metal cation with G -3 (Figure 4 ). Such a complex was obtained only with AIand Fe-montmorillonite, and to a very small extent with H-montmorillonite (which also contains exchangeable AI), but no complex was obtained with the other homoionic montmoriUonites used in the present study. The occurrence of the complex was inferred from the presence of a COO-band at 1416 cm -1 (compared to 1400 cm -1 in the spectrum of K3G in KBr disk). The PO bands overlap with the SiO bands of the clay and therefore, it could not be ascertained whether the structure of the adsorbed species is HzC--NH --CH z
The interaction of various homoionic montmorillonites with Roundup in alcohol solution under the special conditions of drying and wetting cycles of a clay film was studied by means of IR spectroscopy. Under these conditions, G -3, the anionic form of glyphosate, can be sorbed by the clay and during the adsorption it is protonated and forms HzG.
The protons involved in the transformation of G -3 into H3G are donated by acidic water molecules coordinated to exchangeable cations in the interlayer space. The protonation reaction can be written as follows:
The surface acidity of the clay increases with the polarizing power of the exchangeable cation and consequently the rate of protonation and adsorption of G -3 increases with the charge of the metal cation. With monovalent cations it was necessary to adsorb sufficient amounts of PAH + to render the interlayer space acidic so that the protonation of G -3 would take place. The surface acidity of the clay depends also on the water content of the interlayer space and the process requires a specific quantity of interlayer water which will give rise to a surface acidity suitable for the protonation to occur. It does not take place if the interaction between montmorillonite and Roundup is carried out in an aqueous medium. If the interaction is carried out in alcohol solution, but the drying period of the film is only 1 hr (the infrared spectra show that alcohol is still present and is not replaced by water in a film air-dried for 1 hr), adsorption and protonation of the glyphosate anion does not occur.
Whereas glycine is highly adsorbed from alcohol solutions, glyphosate, which is sparingly soluble in alcohol, is not adsorbed by any of the homoionic montmorillonites studied here, from alcohol saturated solutions of glyphosate, but only from solutions of Roundup. There exist only some similarities in the adsorption of glycine and glyphosate from the alcohol solution. Both compounds form zwitterions in the interlayer space of most montmorillonites. The protonation of the glyphosate-COO group is evident in all homoionic clays studied here but the glycine-COO group is protonated only in the highly acidic Al-montmorillonite and to a smaller extent in Fe-montmorillonite. Such a protonation is important for the conversion of the nonadsorbable G -3 into a neutral adsorbable molecule. Glycine, being initially a neutral molecule, is adsorbable from alcohol solution and its protonation occurs only at high acidities. Neither chelate nor open complexes, which are known to be formed between glycine and some transition metals in the interlayer space of montmorillonite, were formed between glyphosate and transition metals. Yariv et al. (1964) showed that organic anion species, having charges greater than 1, can be sorbed by montmorillonite through the formation of complexes with polyvalent cations with a molar ratio of 1:1. The adsorption of G -3 from aqueous solution occurs only when a coordination compound is formed between G -3 and the exchangeable cation and this complex does not carry a negative charge. Such requirements are fulfilled only in the presence of trivalent cations, when the molar ratio G-3:Me +3 is such that a complex with a 1:1 molar ratio can be formed in the interlayer space. No adsorption of G -3 occurred from aqueous solutions onto mono-and divalent cation montmorillonites. It appears that this is the type of complex obtained by Sprankle et al. (1975) during the interaction between montmorillonites and aqueous solution of glyphosate and which was described in the introduction to the present paper.
CONCLUSIONS
Under certain conditions glyphosate from Roundup can be adsorbed by montmorillonite. This occurs from alcohol solution during cycles of drying and wetting of the clay or from aqueous solution in the presence of excess soluble Al and Fe ions. In the first case, G -~ is protonated, forming HaG in the interlayer space whereas in the latter, it forms a coordination compound with the polyvalent cation. The interactions between glyphosate and montmorillonite differ in many cases from Sprankle, P., Meggitt, W. F. and Penner, D. (1975) R~sum~-La r@action entre l'herbicide "Roundup",(PAH) 3G,le nom commercial du sel isopropylammonium de glysophate (H3G,glycine N-phosphonomethyl) et la montmorillonite est ~tudi~e.L'adsorption du constituant anTonique de l'anion du glyphosate Roundup,G -3, d'une solution d'~thanol est obtenue par immersion r~p~t6e du film argileux dans la solution d'alcohol,suivie d'un schage de 6 ~ 12 heures apr~s chaque immersion. Pendant le proc~d~ d'adsorption,l'acidit~ superficelle de l'espace interfeuillet doit ~tre suffisemment ~lev~e que pour protonater l'anion.Une glyphosate zwitterion est ainsi form~e dans l'espace interfeuillet. Des formes d'association sont obtenues dans ce dernier dans lesquelles les groupes COOH et POoH sont li~s aux cations ~changeables par des parts d' eau. L'adsorption de l'anion glyphosate d'une solution aqueuse de Roundup se passe lorsque cet anion forme un complexe neutre ou positivement charg@ avec le cation ~changeable. Ceci peut arriver avec la montmorillonite A1 et Fe lorsque la proportion molaire glyphosate:m~tal est telle qu'un complexe avec une proportion 1:1 peut ~tre form@ dans l'espace interfeuillet. Pour @clairer le m@canisme de r~action,l'adsorption de glycine par la montmorillonite ~ partir d'une solution d'~thanol a aussi ~t~ ~tudi~e. Les associations obtenues entre la glyphosate et les cations ~changeables sont moins variables que celles obtenues entre la glycine et les cations ~changeables dans l'espace interfeuillet de la montmorillonite. Les esp~ces suivantes de glycine ont ~t~ identifi~es: le cation de glycinium,la glycine zwitterion,la glycine complex~e avec des cations de m~tal comme liant soit monodentate,soit bidentate. Dans ce dernier cas,une chelate a ~t~ form~e.
